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Liquid jet injectors are biomedical devices used for drug delivery without the use of hypodermic 
needles. These devices generate a high-speed small-diameter liquid jet of sufficient pressure to 
penetrate the skin and deliver an appropriate amount of medication. In this study, a detailed 
investigation on needle-free liquid injection systems powered by compressed air is carried out. 
Experiments are conducted using a custom-built experimental prototype which makes it possible 
to vary a number of parameters. The experimental results are used to validate a fluid mechanics 
model for air-powered needle-free injectors. The model, based on the work of Baker and Sanders 
[IEEE Trans. Biomed. Eng., 46: 235-242, 1999] and Chen et al. [Drug Deliv. Lett., 1: 97-104, 
2011], modifies a forcing term that relates the air pressure used to drive the injection to the 
stagnation pressures of the jet exiting the injector. The results are analyzed to determine which 
parameters among driver pressure, nozzle diameter, liquid column length, and frictional losses 
most significantly impact the peak and average stagnation pressures of the jet exiting the air-
powered needle-free liquid injector.  
 
 
Keywords: Needle-free liquid injection, Air-powered system, Stagnation pressure, Fluid 
mechanics model, Drug delivery, Jet injection 
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1. Introduction 
 A needle-free liquid injector is a biomedical device that delivers medication through the 
creation of a high-speed jet without the use of a hypodermic needle. The development of jet 
injectors for the administration of medication began in the early 1930’s as it was necessary to 
have a very quick and effective way to immunize the masses against diseases such as polio, 
influenza, and smallpox [1]. Early jet injectors allowed medical professionals to quickly 
vaccinate the masses at a rate of up to 1000 immunizations per hour. Liquid jet injectors initially 
caused many problems, such as pain, bruising, hematomas, incomplete delivery of medication, 
excessive penetration, and cross contamination [2-5], limiting their widespread use. With 
advances in the field of drug delivery and micro-fluidics, there is renewed interest in jet 
injectors, with studies conducted on their mechanism and application to the delivery of existing 
drug formulations and new drugs, such as DNA-based drugs [6,7]. 
 The mechanics of needle-free liquid jet injection consists of the following general steps: a 
force generated from a power source is imparted on a cylinder which forces a column of fluid 
containing the drug through a nozzle, where it exits as a high-speed small-diameter liquid jet of 
sufficient pressure to penetrate the skin and deliver the appropriate amount of medication. 
Studies have shown that commercially available injectors produce exit jet velocities greater than 
100 m/s and diameters ranging from 100 to 360 μm [7]. The literature shows that commercial 
injectors can also produce an initial pressure change of 27.5 MPa within 0.5 ms [1,7]. Typical 
delivery rates for commercially viable injectors range from 0.1 to 1 ml, with a penetration depth 
of up to 10 mm. At these depths, it is possible to breach subcutaneous layers of the dermis and 
administer drugs to muscular tissues [8,9]. Jet penetration into skin and the injection quality are 
determined by a number of jet parameters, such as nozzle diameter, volume to be delivered, jet 
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stagnation pressure, exit velocity, and stand-off distance (distance between nozzle and skin). A 
number of recent studies have experimentally shown the dependence of jet penetration into 
human skin on these parameters, notably by Schramm-Baxter and Mitragotri [10-13]. Besides 
experimental investigations, analytical models for simulating skin fracture and medicine delivery 
have been developed [14,15]. There has also been some research into solving the pressure and 
velocity distribution found within the nozzle by analytical means. Baker and Sanders [16] 
conducted a continuum analysis whereby they assumed static incompressibility of the fluid, and 
neglected the effects of viscosity and turbulence. Their model helps characterize the sensitivity 
of injector design parameters such as piston area, as well as the pressure gradients that will be 
imposed on the drug to be injected. Recent studies have extended Baker and Sander’s model to 
needle-free injectors powered by springs, the Lorentz force, and piezoelectric actuators [16-19]. 
 This study focuses on the development and analysis of air-powered liquid jet injectors. 
Although the majority of commercially available injectors are gas/air-powered units [7], no 
complete model has been developed for simulating the performance characteristics of this 
particular type of injector. The main goal of this paper is therefore to develop and validate a 
model capable of predicting the behavior of such devices. The analysis and validation of the 
developed model are accomplished by constructing a prototype injector that produces jets with 
geometries and velocities similar to those created by the vast majority of commercially available 
units. Furthermore, the injector is designed in such a way that the parameters, such as driver 
pressure, injection chamber length and volume, and nozzle geometry, can be varied. The 
experimental results are compared to the behavior predicted by the model and analyzed to 
describe the performance of air-powered needle-free liquid injection systems. 
2. Experimental methods 
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 An experimental prototype was designed and built; details of the apparatus were previously 
reported [20,21]. The prototype injector is designed such that it is representative of the vast 
majority of commercially available injectors, utilizing a similar power source, propelling the 
medication in a similar fashion, as well as maintaining consistent jet speeds and diameters. 
Typical commercially available needle-free injection systems that utilize a gas power source are 
capable of accelerating a volume of 0.5 ml or less to speeds of up to 200 m/s. Studies show that 
jet stagnation pressures of 15 MPa are required in order to penetrate the skin [9,14]. The 
prototype injector was designed based on these standard values. The injector allows a number of 
parameters, which are fixed on commercially available units, to be varied. The setup is shown in 
Fig. 1 and the main injector parameters are given in Table 1. Compared to commercial units, a 
noticeable difference is that the plunger in the prototype is a rigid body. To produce an injection, 
it is first necessary to set the desired injection volume by adjusting the metering screw, which 
determines the injection chamber length L. The injection chamber is then filled with the desired 
liquid and the nozzle is threaded onto the tip, sealing the chamber. The driver chamber can then 
be pressurized to a desired pressure from an air compressor, which enables repeated charging of 
the injector. During pressurization, the driver and the injection piston do not move due to the 
design of the trigger mechanism, which consists of a partially threaded rod that links both the 
driver and the injection piston. The trigger block locks onto the threads of the metering screw 
during pressurization, holding the entire injection assembly in place. Once the chamber is fully 
pressurized and the injection is to be administered, the trigger handle is depressed, thereby 
disengaging the trigger block from the metering screw, allowing both the driver and the injection 
piston to move forward and create a high speed jet. The sizing of the design was accomplished 
by computing the force required to produce the necessary pressure on the area of the plunger as 
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well as determining the maximum pressure that can be obtained from readily available 
compressed air. The driver pressure pD and the jet stagnation pressure po can be used to 
determine the area ratio between the driver AD and the plunger Ap required to produce a high 
speed jet capable of penetrating human tissue.  
 Figure 2a illustrates qualitatively a typical injection administered into 250 bloom ballistics 
gel, 10 wt% of which was derived from porcine skin (G2500-500G, Sigma-Aldrich, USA) in 
order to mimic muscle tissue. The penetration was visualized using a blue die mixed with water. 
As this study focuses only on the fluid dynamics of the injection, jet penetration into the skin is 
beyond the scope of this paper. The behavior of the jet as it exists the nozzle was recorded using 
a high-speed video camera (PCO.1200hs). Figure 2b shows images of a jet as it emerges from a 
180-μm-diameter nozzle powered at 689 kPa. The jet speed was computed using the interframe 
time step. The images demonstrate that the jet speed is within the range exhibited by 
commercially available units. Furthermore, the images clearly show jet divergence. As the jet 
enters the atmosphere, it fans out and diverges from its initial 180-μm diameter. It is important to 
note that although the jet diverges dramatically in the atmosphere, it remains confined when 
penetrating a medium. 
 The stagnation pressure is the key measurement in this experiment as it can readily be used to 
validate any fluid mechanics model. It can be used to determine whether the jet emanating from 
the injector is strong enough to deliver the medication, and hence which depths and type of tissue 
the injector targets [19]. For quantitative analysis, as described in [19], the stagnation pressure in 
this experiment was determined using a Honeywell (FSG15N1A) force sensor, which has a range 
of 0 to 1500 g and a response time of 0.1 ms. Calibration was conducted by imposing known 
weights and plotting the voltage response of the transducer. Once the force readings were 
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obtained, it was possible to convert these into stagnation pressures by dividing them by the area 
of the jet. Since the stand-off distance between the force sensor and the injector nozzle is 
minimal (~ 1 mm), the jet divergence is assumed to be negligible and thus the area of the fluid jet 
is equal to the diameter of the high-precision micro-orifice (O’Keefe Controls Co.). The force 
transducer is also coupled to a signal amplifier, which imposes a gain of 20 on the output 
voltage, which is read by a Rigol 100 MHz DS1102E digital oscilloscope. The injection process 
was tracked over the first 5 ms, since within this time the injection provides the peak pressure to 
penetrate the skin and deposit the medication. To obtain a more accurate portrayal of the 
injection within these first few moments, the equipment was adjusted to provide the maximum 
sampling rate within the initial injection period. 
 The parameters that can be varied to control the stagnation pressure are: driver pressure, 
nozzle diameter, and injection volume. In this study, the nozzles, with five sizes ranging from 
120 to 250 μm (O’Keefe Controls Co.), were manufactured from stainless steel with a precision 
of 0.00254 mm, which is less than 2% of all orifice diameter sizes. The driver pressure 
considered in this work ranges from 0.4 to 0.8 MPa and is provided by an air compressor fitted 
with a precision regulator. Individual nozzle and pressure combinations were tested a minimum 
of twenty times in order to ensure consistent and reliable results. Furthermore, it was noted that 
varying the amount of injection volume did not directly influence the stagnation pressure of the 
jet; rather, it governed the time duration of the injection. As a result, the injection volume was 
kept constant at 0.1 ml throughout the experiments. The data for these tests were recorded and 
post-processed for comparisons with the numerical results obtained from the model. 
3. Mathematical modeling 
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 By performing a mass balance on the fluid and a force balance on the driving plunger, Baker 
and Sanders [16] derived a model equation for spring-powered injectors which can predict the 
stagnation pressure p(t) across the orifice area in terms of the compressibility of the fluid 
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where B is the bulk modulus of the fluid, ρo is the initial density, and Ap and Ao are the piston and 
orifice area, respectively. xp and dxp/dt are the position and velocity of the piston that result from 
the spring release, respectively, and L is the length of the liquid column inside the injector. In Eq. 
(1), the first term on the right-hand side models the pressurization due to plunger motion and the 
second term accounts for depressurization due to mass loss.  
 In order to solve the time-varying behavior of the jet stagnation pressure given in Eq. (1), the 
initial velocity must be obtained, either by taking measurement data from experiments [17] or by 
doing a complete force analysis on the injector to develop an equation of motion describing the 
movement of the driver/plunger assembly [19], which leads to: 
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where FD and Ff are the driving force and frictional force, respectively. The second term on the 
right-hand side of this model equation represents the pressure force of the liquid on the piston. 
Equivalently, it acts as a damping force induced by the pressure differential to dissipate the 
mechanical work through the hydraulic activity [22]. Since the prototype components of the 
plunger and the barrel were made from aluminum, no additional compliance is introduced in the 
model. For the present air-powered injection system, the driving force FD which moves the 
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plunger forward is produced by pressurizing the driver chamber. Figure 3a illustrates the 
geometry and variables within a typical driver chamber of a gas-powered needle-free injection 
system. The pressure within the chamber can be modeled using the ideal gas law. After the 
chamber is pressurized to a known pressure, the mass within the chamber can be computed. 
Once the initial mass of air within the chamber is known, the pressure within the chamber can be 




d =        (3) 
with  
( ) ( )( ) DpoD AtxLtV +=                 (4) 
As the driving force begins to move the piston forward, there is resistance created by both 
atmospheric pressure acting on the opposite side of the driver face as well as O-ring seals. Figure 
3b illustrates a cross section of the opposite side of the driver chamber, which is exposed to the 
atmosphere through two holes drilled from the front of the injectors.  
 As the injection is administered, the volume of the secondary chamber is reduced, causing 
the pressure to increase and thus damping the motion of the plunger as it travels. Subsequently, 
the secondary chamber is exposed to the atmosphere to prevent pressure build-up as the injection 
progresses. Therefore, only atmospheric pressure pa acting on the opposite face of the driver is 
considered. This force can be assumed to remain constant throughout the injection process and is 
simply the product of atmospheric pressure and the driver area. This gives: 










mRTAtF      (5) 
 The frictional forces within the mechanism serve to counteract and damp the movement of 
the driver/piston assembly. The friction is caused by the O-ring seals which make contact and 
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rub against the inner walls of both the driver chamber and the injection chamber. In order to 
model the O-ring friction, it must broken down into two components, the first of which consists 
of the friction force caused by the compression fit of the O-ring into its housing, and the second 
of which is the result of the thin fluid film generated in the clearance gap between the two 
components that the O-ring must seal. The forces caused by the compression of the O-ring in the 
barrel of the injector depend on the force generated by the pressure of the fluid. Consequently, 
the two major forces causing O-ring friction must be coupled in order to accurately model 
friction. First, it is necessary to compute the force imposed by the thin fluid layer on the O-ring 
seal. Here, the approach adopted by Chen et al. [19] is used. This process begins by determining 
the volumetric flow rate through the small clearance gap between the plunger and the outer 
barrel of the injector; this flow rate is equivalent to the product of the velocity of the fluid across 
the gap multiplied by the corresponding cross-sectional area. Consequently, the flow rate can be 
found by integrating the velocity profile v(t) as a function of an infinitesimal change in gap 
height, i.e.: 
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=     (7) 
where Up is the moving piston velocity and D is the diameter of the inner wall of the barrel. 
Hence, the maximum film thickness hc at the point of zero pressure gradient (i.e., at the point of 
maximum pressure) can in turn be expressed as a function of volumetric flow rate. For the 
inertia-free flow of the thin fluid film formed between the moving O-ring seal of the plunger and 
the stationary wall of the barrel, the simplification of Navier-Stokes equations in association with 
the continuity equation leads to the Reynolds equation commonly used to analyze the flow of 
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viscous fluids through small gaps in lubrication problems. Assuming a quasi-steady, 
incompressible fluid inside the thin film and no gradient in the circumferential direction z or side 















    (8) 
where µ is the fluid viscosity, U is the relative velocity of the sliding boundaries (here U  = 
Up(t)), and pr is the pressure along the film. Integrating the above equation with dpr/dx = 0  at h = 
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In the case of the injector, if the seal does not leak, there is no flow through the clearance gap 
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By integrating the above equation with respect to x, the average of the fluid pressure imposed on 
the O-ring seal can then be expressed as: 
( ) )(tpd
h





µ     (11) 
where the variable h in this equation can be represented by the film thickness at a wedge-shaped 
inlet determined by the O-ring and housing dimensions; this dimension is equivalent to the 
clearance gap of the O-ring. With the pressure imposed by the fluid on the O-ring seal known, 
the resisting force caused by this pressure is simply the area of the exposed O-ring multiplied by 
the corresponding pressure, i.e.: 
DhpF ringOfluid π−=      (12) 
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 The second component of the frictional forces consists of the friction force fc caused by the 
compression of the O-ring due to its press fit into the barrel of the injector chamber as well as the 
compression caused by the pressure exerted by the fluid. In order to determine the force caused 
by the press fit into the barrel, empirical charts detailing the amount of compression fit as a 
function of load that an O-ring will produce, as found in [23], can be used. In addition to the 
force caused by the compression of the O-ring into the barrel of the injector, it is also necessary 
to take into consideration the transfer of forces caused by the fluid pressure on the O-ring. The 
fluid pressure that acts on the seal also serves to further increase the compression loading. 
Studies conducted by Guang and Wang [24] demonstrate that the transfer coefficient between the 
fluid pressure acting on a seal in relation to the increase of compression force of the O-ring can 
be estimated to be 1. In other words, the pressure contained within the thin film acting on the seal 
almost entirely serves to increase the amount of compression forces on the sealing surfaces. 
Knowing that the coefficient of friction between aluminum and nitrile rubber is 0.2 [19], the 
resisting force encountered by individual O-ring seals in the injector can be completely described 
as:  
( )( )( ) ( )( )DhtpfDbtpf ringOcringOringO ππ −−− ++= 20.    (13) 
where b corresponds to the contact patch due to O-ring compression measured experimentally; 
the total frictional forces is Ff(t) = ∑fO-ring. 
 In summary, solving Eqs. (1) and (2) simultaneously coupled with Eqs. (5) and (13) gives the 
driver/piston displacement, velocity, as well as jet stagnation pressure. The stagnation pressure 
can then be further converted to jet speed as it exits the orifice. If it is assumed that viscous 
losses are negligible across the orifice, then it is possible to use the Bernoulli equation to acquire 
jet speed from stagnation pressure.  
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ρ
pV 2=      (14) 
 
4. Results and discussion 
To validate the performance of the apparatus and assess the air-powered model, Fig. 4a 
shows a sample comparison of stagnation pressure variation obtained from the model and 
experiment, whereby a 200-μm nozzle injects 0.1 ml of fluid driven at 413 kPa. Both results 
clearly show a pressure peak and the pressure oscillating about a mean injection pressure. As 
mentioned in previous studies, this peak is important in the formation of a fracture in the skin 
and the subsequent average delivery pressure determines the depth at which the medication is 
delivered [25]. The magnitudes of the peak pressure and the average pressure agree with general 
results reported in the literature [15,19]. Of note, the rise time to peak pressure and subsequent 
stabilization to the average pressure occur very rapidly. The rise to peak in most of the studied 
cases occurs within 0.75 ms and the stabilization to the mean pressure is within the same time 
frame. Figure 4a also depicts a good correlation between the behavior predicted by the model 
and the corresponding experimental result. Both the peak and the mean pressure for all cases 
studied are within 15% agreement with the developed model. Furthermore, Fig. 4a illustrates a 
good match between the oscillation frequencies. Despite the correlation of both experimental and 
theoretical data, the frequency of the oscillatory behavior about a mean value is variable. A small 
number of the experiments conducted exhibited more drastic fluctuations in frequency while 
others did not show oscillation, with stabilization observed immediately after the peak to a mean 
value. It is also suspected that this behavior is caused by the pressure transducer not sensing 
small changes as quickly as the injection progresses. Although the transducer has a response time 
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of 0.1 ms, its sensitivity makes it difficult to acquire both rapid and minute pressure changes. 
Nevertheless, it is only the average and peak pressures that determine the performance of the 
injector device as well as the penetration, and thus predicting the oscillatory behavior is of lesser 
importance. Using Eq. (14), the stagnation pressure also makes the computation of average 
velocity over the diameter of the orifice possible. Figure 4b shows the velocity profile of the 
aforementioned case. The peak velocity is in the 150-200 m/s range reported in the literature 
[1,7,10].   
A parametric study of various injector characteristics was performed. The results are 
summarized in Fig. 5. Figure 5a depicts the peak pressure obtained from nozzles operating at 
413, 550, 620, and 690 kPa, respectively. Error bars for the 95% confidence interval are plotted. 
A visual examination of the data suggests a linear increase in the peak pressure as the driver 
pressure is increased from 413 to 690 kPa. Using the least-squares linear regression technique, 
the coefficient of determination, R2, values were found to exceed 0.80. For the theoretical result, 
R2 is higher than 0.96. The R2 values indicate that the trends of both experimental and theoretical 
data sets can be well represented by a linear relationship. Furthermore, the experimental data 
correlate very well to the theoretical model. Obtaining an average value for peak pressure for the 
different nozzle sizes using the air-powered model made it possible to analyze the experimental 
data. The maximum variation for the peak pressure is found to be 15% and occurs at lower driver 
pressures. The greater influence of O-ring friction is a possible explanation for the greater 
divergence from the theoretical average peak pressure. As O-ring friction is difficult to model 
because of its variability with pressure, the model seems to over-compensate for this term, 
causing the theoretical peak at lower pressures to be less than the experimental values. 
Compounding this error is the sensitivity of the probe. A variation of 2 MPa, as is the case with 
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the low driver pressure peaks, represents a force variation of 0.0264 N (2.693 g). The transducers 
range is 0-1500 g. Therefore a difference of 2 MPa would correspond to 0.18% of the 
transducer’s range. These slight differences can thus be attributed to the inaccuracies of the force 
transducer. Nevertheless, it is possible to conclude that the model is valid in predicting the peak 
pressures of the injector, given the injector geometry and driver pressure. 
The average stagnation pressure after the pressure peak was also analyzed. Figure 5b 
illustrates the variation of average injection pressure after the pressure peak for various nozzle 
diameters and driver pressures. The experiment again shows a linear increase in stagnation 
pressure as the driver pressure increases within the operating range, which agrees with the trend 
predicted by the air-powered model. The R2 values from the least-squares regression are 0.8006 
and 0.9826, respectively, for the experimental and theoretical correlations. However, the 
experimental data for average pressure are slightly higher than the predicted values obtained 
using the air-powered model. The average pressure over the duration of the injection was 
obtained by finding the mean of the predicted results from the air-powered model at various 
nozzle sizes and a fixed driver pressure. These values were compared to the experimental data 
and yielded a maximum variation of ± 2.58 MPa, again occurring when lower driver pressures 
were utilized. Nevertheless, this variation is acceptable given that the force it represents is only a 
small fraction of the force transducer’s range. 
 The results shown in Fig. 5 also illustrate that in both theoretical and experimental results, 
there is no significant deviation between the stagnation pressure values obtained using different 
nozzle sizes at a given driver pressure. The standard deviations σ of these data sets at increasing 
driver pressures are: σpeak stagnation pressure = (2.53, 2.09, 2.06, 1.67) MPa and (0.88, 1.13, 0.97, 1.41) 
MPa and σaverage stagnation pressure = (3.86, 1.76, 1.45, 0.63) MPa and (0.16, 0.22, 0.35, 0.42) MPa for 
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experimental measurements and theoretical results, respectively. The fact that these pressure 
values with different nozzle sizes are very close to each other (within the experimental error), 
together with the good statistical regression R2 values and standard deviations, suggests that the 
nozzle diameters do not have a large impact on the resulting stagnation pressures. This 
observation can be explained by analyzing the system in terms of energy. Although the area of 
the nozzle exit is varied, the area of the plunger remains the same, which means that the total 
energy imposed on the fluid for a given driver pressure remains the same irrespective of the exit 
nozzle area. If fluid damping is not present in the system, then one would expect much higher 
velocities for smaller nozzle areas. However, fluid damping in the system causes there to be 
more energy dissipation for smaller nozzles due to the coupled hydro-mechanical activity 
through pressure change and the force required to push the fluid through a smaller exit area. 
Consequently, the air-powered model predicts roughly the same stagnation pressure for the 
tested nozzle sizes and an increase of 12 m/s in maximum jet velocity when decreasing from a 
250- to 130-μm nozzle diameter. This can be confirmed by analyzing Fig. 6, which compares the 
stagnation pressures as a function of time, with and without the major contribution of the 
damping force induced by the pressure change, achieved by removing the second term in Eq. (2) 
for a constant driver pressure of 413 kPa.   
Figure 6a illustrates stagnation pressure with no damping force, clearly showing a significant 
difference in stagnation pressure between nozzle sizes. A peak of 922 MPa is reached for a 129-
μm nozzle in contrast to a peak of 400 MPa for a 259-μm nozzle. An analysis of a chart 
illustrating stagnation pressure with fluid damping, shown in Fig. 6b, indicates that the pressure 
peaks for the 129- and 259-μm nozzles are within 2 MPa of each other, representing a jet 
velocity difference of only 12 m/s. Thus, the decrease in area for smaller nozzles causes an 
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increase in the energy required to overcome the damping of the fluid as it is forced through the 
injector orifice. Therefore, the experimental results correlate very well with their theoretical 
counterparts and for the tested range of nozzle diameters, the variation of nozzle diameter has a 
very negligible impact on the jet stagnation pressure and velocity.  
Another important result is that the pressures obtained for the various experiments are not 
affected by the stand-off distance. The stand-off distance is defined as the gap between the force 
transducer and the nozzle exit. Figure 7 illustrates five gap sizes tested with a 180-μm nozzle and 
a driver pressure of 690 kPa. There is only a variation of 3.5 MPa between the peak stagnation 
pressures and that of 4 MPa for average stagnation pressures. This variation is due not to the 
effect of gap distance but rather just the inherent variability of the pressure measurements. This 
can be confirmed by comparing the traces illustrating the pressure profiles for 5- and 10-mm 
gaps, respectively. The pressure profile for the smaller gap size exhibits a slightly larger peak 
pressure by 2.5 MPa, however the larger gap size exhibits a 1.5 MPa increase in average 
stagnation pressure. If the effect of gap size were substantial, then a larger gap size should 
dramatically decrease both the average and peak stagnation pressures. However, even with a gap 
of 25 mm, there is only a very slight decrease in these values. Consequently, the effect of stand-
off distance within a practical working distance of up to 25 mm has a negligible impact on both 
peak and average stagnation values. It is also important to note that when the injector is used to 
administer medication, the stand-off distance will typically not exist; in other words, the nozzle 
will be in direct contact with the skin. Nevertheless, due to the limitation of the diagnostics, it 
was not possible to have the injector contact the force transducer directly in the present 
experiment, since this resulted in the generation of artifacts in the force readings. 
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The experimental data also confirmed that the injection chamber volume does not 
significantly affect the peak or average stagnation pressure. Rather, it affects mostly the period 
over which the damping occurs. Figure 8 illustrates the model differences in the injection time 
pressure profile for 25- and 10-mm-long chambers. The model results demonstrate an almost 
identical match in peak pressure and average stagnation pressure; however, the shorter column 
oscillates more frequently about the average stagnation pressure than does the longer column. 
Furthermore, there is also a time shift between the peak stagnation pressures between the column 
lengths. The longer column requires 0.2 ms more to reach its peak stagnation pressure than does 
the short column. The time shift can be explained by the fact that the larger volume imparts more 
damping, thereby shifting the peak of the injection pressure slightly.  
The effect of injection volume was also verified throughout these experiments. It was noted 
that the injection volume affects the duration of an injection. This agrees with the model as it was 
shown that the chamber length has a negligible effect on both peak and average stagnation 
pressures, and thus the volume injected can only affect the time period of the injection (see Fig. 
9). 
In order to further validate that the injection chamber length has a minimal effect on peak and 
average pressures, a 129-μm nozzle was used in conjunction with a 550 kPa driver pressure, and 
the injection peak and average stagnation pressures were tracked for various chamber lengths. 
Figure 10 shows the results. The results for the various chamber lengths are scattered about the 
predicted model behavior. An analysis of the error bars indicates that there is variation for some 
of the experimental data points. These variations are more significant for the peak stagnation 
pressure of longer injection chamber lengths (see Fig. 10a). This can perhaps be attributed to the 
longer injection chamber column providing more damping at the initial phases of the injection, 
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consequently resulting in lower peak stagnation pressures. Nevertheless, the values for average 
stagnation pressure in Fig. 10b agree very well with the model results. When the chamber length 
was increased from 10 to 40 mm, no specific trend emerged and the test points were scattered 
near the predicted model behavior, illustrating that the injection chamber length has no effect on 
average stagnation pressure. 
Another important aspect of the theoretical model of the air-powered injectors is the influence 
of friction. The O-ring friction has an important influence on the magnitudes of the peak and 
average stagnation pressures as well as the settling time for the oscillatory behavior of the time-
pressure profile of a given injection. Figure 11 illustrates the model behavior of friction. Without 
friction, the model oscillates significantly about an average stagnation pressure, whereas at 50% 
friction, the model settles to an average stagnation pressure within 2 ms of the start of the 
injection. Finally, the predicted model behavior with friction settles to an average value within 
the first 1 ms of the injection and the peak and average stagnation values are 20% lower than 
those predicted without O-ring friction. It is important to note that varying the effect of O-ring 
friction experimentally is difficult. This would require manufacturing several piston and driver 
assemblies and including different amounts of O-ring compression for each assembly. Therefore, 
it is much more feasible to verify the behavior of the stagnation pressures obtained 
experimentally and relate these values with behavior predicted by the air-powered model. 
Consequently, because the behavior of the experimental traces is in good agreement with the 
model, it is possible to conclude that the model provides a reasonable estimate of mechanical 
friction throughout the injection process.  
5. Conclusion 
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 In this work, the characteristic performance of air-powered needle-free liquid injectors was 
examined both theoretically and experimentally. The experimental results obtained in this study 
were used to validate the air-powered model modified based on the work of Baker and Sanders 
[16] and Chen et al. [19] that predicts the peak and average stagnation pressures of needle-free 
liquid injectors. The study also verified the importance of several key parameters that influence 
the performance of an air-powered injector. It was found that the stagnation pressure versus time 
profile with the new forcing term resembled those obtained in previous studies. There was a clear 
peak stagnation pressure occurring within 1 ms from the start of the injection followed by a brief 
oscillatory phase about an average stagnation pressure. The driving pressure was the first 
parameter to be studied as it validated the developed model and is critical in controlling the jet 
stagnation pressure. It was determined that as the driver pressure was increased, both the peak 
and average stagnation pressures increased almost linearly within the operating range considered. 
It was also shown that varying the injection nozzle diameter did not have any significant impact 
on the peak or average stagnation pressure. It is expected that smaller-diameter nozzles will 
produce higher-speed jets and subsequently more stagnation pressure; however, the decrease in 
diameter causes there to be more fluid damping, and subsequently more energy is dissipated in 
the fluid for smaller-diameter nozzles. This result demonstrates that for the tested nozzle range, 
the stagnation pressure for all nozzle sizes at a given driver pressure was approximately equal. It 
was also observed that chamber length has no significant affect on peak or average stagnation 
pressure. However, the length of the fluid column did affect the oscillatory behavior about the 
average stagnation pressure. It was determined that a longer chamber length requires fractionally 
more time to reach a peak pressure and exhibits a longer period for an individual oscillation 
compared to those for shorter chamber lengths. The general experimental observations agree 
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very closely with the developed model. Consequently, the model is valid and can accurately 
predict the characteristics of the jet emanating from an air-powered needle-free injector.  
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Figure 1. Schematic and photograph of prototype injector. 
Figure 2. (a) Penetration of prototype injector into polyacrylamide gel at a driver pressure of 700 
kPa and (b) high-speed photograph showing the jet emanating from the injector. 
Figure 3. Technical drawing of (a) driver chamber assembly and (b) cross section of venting 
chamber. 
Figure 4. (a) Stagnation pressure and (b) jet velocity as a function of injection time for 200-μm 
nozzle at 413 kPa. 
Figure 5. (a) Peak stagnation pressure and (b) average stagnation pressure as functions of driver 
pressure. 
Figure 6. Stagnation pressure as a function of time (a) without and (b) with fluid damping in the 
model. 
Figure 7. Effect of stand-off distance on stagnation pressure. 
Figure 8. Effect of injection chamber length on stagnation pressure obtained using the model.  
Figure 9. Effect of injection volume on overall injection time from the experiment. 
Figure 10. (a) Peak stagnation pressure and (b) average stagnation pressure as functions of 
chamber length for a 129-μm nozzle and a 550-kPa driver pressure. 
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Dotted line (Experimental): R2 = 0.8396
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Table 1.  Prototype injector parameters. 
 
Injector Parameters  
Nozzle diameter  100 μm - 260 μm  
Driver pressure  0.3 MPa - 1 MPa  
Injection volume  0 ml - 1.2 ml  
Piston diameter  6.35 mm  
Driver diameter  38.1 mm  
Mass of piston-driver 
assembly (Mp)  80 g  
 
 
 
